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Abstract Sol–gel methods and organic and inorganic precursors of titania were used for preparation
of the monolithic catalysts, Rh/TiO2. Techniques, such as X-ray diffraction, porosimetry, temperatured
programmed reduction, scanning electron microscopy, and X-ray photoelectron spectroscopy, were
utilized to characterize the monolithic catalysts. Results of the short contact-time partial oxidation of
methane revealed the promoting role of tungsten. This study demonstrates that the catalyst prepared
from titanium isopropoxide is more effective in the production of synthesis gas.
© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Currently, many research studies are focusing on the
conversion of methane to synthesis gas. Steam reforming,
partial oxidation and carbon dioxide reforming are the main
processes utilized for synthesis gas production [1,2]. Following
reports of Hickman and Schmidt [3] and Hickman et al. [4]
several studies have concentrated on the short contact-time
partial oxidation of methane [5–8].
Utilizing noble metals and a structured catalyst, high
methane conversion and selectivity can be obtained in an
autothermal short contact-time partial oxidation reactor. Short
contact-time partial oxidation has several advantages over
other reforming processes. The H2/CO ratio in SCTPOM is 2:1,
which is more favorable for Fischer–Tropsch and methanol
synthesis. Additionally, millisecond partial oxidation requires a
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doi:10.1016/j.scient.2012.07.003smaller reactor, and the exothermic nature of SCTPOM reduces
the energy and capital costs [5–8].
High expense noble metals from group VIII are utilized
in the short contact-time partial oxidation of methane.
Many researchers have focused on reducing noble metals
consumption and its use. Cimino et al. [1] developed a
bifunctional structured catalyst that was based on alumina-
supported Rh and LaCoO3 pervoskite for the partial oxidation
of methane to synthesis gas. Naito et al. [9] evaluated the
effect of adding Cobalt to Rh/MgO and found that adding
Cobalt promotes the partial oxidation of methane and prevents
the combustion of methane on Rh–Co/MgO in the presence
of oxygen, resulting in the cessation of hot spot formation.
The effect of adding a γ -Al2O3 washcoat and Ce to Rh
coated α-Al2O3 foam on the partial oxidation of methane was
investigated by Donazzi et al. [10].
Catalyst supports and their methods of deposition are
important, because they affect reaction activity and adhesion
to the substrate. Germani et al. [11] utilized different binders
for alumina washcoating and compared their adhesion to the
substrate and their activity on the water gas shift reaction.
Mielle et al. [12]deposited γ -Al2O3 on different structures and
optimized the solvent, acid, alumina content and particle size
in the washcoating suspension. Meille et al. [12] tested the
prepared catalytic structure in a continuous chemical reaction.
Akhlaghian et al. [13] compared sol–gel methods and the use of
organic and inorganic precursors for washcoating substrates.
evier B.V. Open access under CC BY-NC-ND license.
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and Rh/WO3/TiO2/cordierite, and investigated the reaction-
promoting effect of tungsten, the effects of utilizing sol–gel
methods and organic and inorganic titania precursors for
washcoating on the cordierite monolith, and their activities on
the short contact-time partial oxidation of methane.
2. Experimental
2.1. Catalyst preparation
Honeycomb cordierite monoliths (Corning) with a cell
density of 400 cpsi were cut into smaller 2.54 × 10 mm2
pieces. Each monolith piece was utilized as a catalyst substrate
and consisted of four squared channels with 1 mm internal
dimensions.
The ceramic monoliths were coated with three types of
catalyst, respectively, cat1, cat2, and cat3 which were prepared
as described below.
Catalyst 1: Titanium isoprpoxide (Merck) was mixed with ethyl
alcohol so that the molar ratio of ethyl alcohol to titanium
isopropoxide was 10:1. Acetylacetone (Merck) was added to
titanium isopropoxide at equalmolar ratio. Hydrolysis occurred
by the addition of deionized water. The molar ratio of titanium
isopropoxide to water was 1:2. The pH of the solution was
adjusted to 4.5 by adding nitric acid (Merck). The resulting
solution was stirred constantly at room temperature for 12
h [12,14]. Monoliths were washcoated with this solution using
the dip-coating method. The excess washcoating solution in
the monolith channels was removed by an air-knife [15]. The
washcoated monoliths were dried at 100 °C for 12 h. At a
heating ramp of 3 °C/min, the washcoated monoliths were
heated to 950 °C and then calcined at 950 °C for 6 h.
Rhodium deposition was carried out through incipient wet-
ness impregnation by passing the solution of RhCl3 in deionized
water through monolith channels. After impregnation, mono-
liths were dried at 100 °C for 12 h. Then, at a heating ramp of
3 °C/min, the monoliths calcined at 600 °C for 2 h.
Catalyst 2: Maleic acid (Merck) was added to deionized water
and stirred until the maleic acid was completely dissolved.
Titanium tetrachloride (Merck)was utilized as the precursor for
the TiO2 synthesis. TiCl4 (Merck) was slowly added to the malic
acid and deionized water solution at room temperature. The
volumetric ratio of water solution to TiCl4 was 50:1. The molar
ratio of TiCl4 to maleic acid was 1–4. Note that TiCl4 is a fuming
matter, and its reaction with water is extremely explosive
and exothermic; working with it requires care and complete
observation of safety principles. To observe safety conditions
completely, all steps involving TiCl4 should be conducted in a
glove box filled with N2. The resultant solution was heated at
85 °C under reflux, while being stirred constantly for 4 days.
After 4 days, the solution was transferred to a separatory
funnel anddivided into two aqueous and thick layers. These two
layers were separated from each other by a separatory funnel
and the thick layer was utilized for washcoating. The excess
washcoating solution in the monolith channels was removed
by shaking. The washcoated monoliths were dried at 100 °C
for 12 h. The dried monoliths were heated to 950 °C with a
temperature ramp of 3 °C/min and then calcined at 950 °C for
6 h.
Sodium tungstate (Merck) was dissolved in deionized water
and passed through columns containing cation exchangeresins (Purolite C100E). The columns were then washed with
deionized water.
The yellow precipitate obtained from the cation exchange
columns was separated from the solution with filter paper
and dried at 100 °C. This precipitate, tungstic acid (H2WO4),
was then returned to the solution with ammonia (Merck). The
monoliths that were washcoated with TiO2 from the previous
step were impregnated by the solution of tungstic acid in
ammonia. These monoliths were dried at 100 °C for 12 h. With
a heating ramp of 3 °C/min, the dried monoliths were heated
to 950 °C and then calcined at 950 °C for 6 h. The rhodium
deposition step for catalyst 2 was identical to that completed
for catalyst 1.
Catalyst 3: The preparation steps for this catalyst were
completely similar to those of catalyst 2; the only differencewas
in the tungsten impregnation step. For this catalyst, a higher
concentration of ammonium tungsten was used.
The weight added to the catalytic monoliths in each
washcoating or impregnation step was determined to achieve
suitable tungsten and rhodium loads. Chemical analysis tests
(ICP) were carried out on monoliths with the same load, which
were produced in parallel with the catalytic monoliths under
experiment to determine the exact loads of rhodium, tungsten
oxide and titania.
Catalysts 1–3 were dissolved in aqua regia and placed
in a microwave device. After microwave processing, the
precipitate was separated from the solution. The concentration
of cations in the solution was measured with inductively
coupled plasma spectroscopy [1]. Formulations of the catalysts




Thewashcoating solution prepared from titainum isopropoxide
was more viscous, so the load of titania of catalyst 1 was more
than catalysts 2 and 3. Pieces of monolithic catalysts 1–3 were
immersed in a water bath inside a sealed beaker and left in
an ultrasound for 30 min. Results of washcoat layer loss tests
showed good adhesion of the catalyst to the ceramic substrate.
2.2. Experimental setup
The monolith with catalyst deposited on it was wrapped
with ceramic-wool cloth to prevent passage of the gas flow,
and was plugged tightly into the quartz reactor. Type K, 1 mm
thermocouples were utilized for temperature measurement;
the thermocouples were placed inside quartz tubes to prevent
the likely participation of thermocouplesmetals in the reaction.
Two thermocouples were utilized, and they were positioned
directly before and after the monolith.
High-purity methane, nitrogen and oxygen gas flows were
controlled with mass flow controllers (Brook 5850E) and
entered the reactor at a Gas Hourly Space Velocity (GHSV) of
4.84 × 105 h−1, which corresponds to a residence time of
7.4 ms.
Gas products were passed through a water trap and
silica gel column for water removal and then entered a
gas chromatography device (Varian CP 3800) to measure
the relative concentrations of O2, N2, CH4, CO, CO2 and
H2. Experiments were carried out with the reactant stream
at atmospheric pressure and a furnace temperature ranging
from 950 to 1050 °C. In the reactant stream, the molar
composition of methane was 6%, the CH4/O2 ratio was 2:1,
and the remaining composition of stream was nitrogen. Before
performing catalytic tests, all the catalysts were reduced under
a gas flow of H2/N2 (10 mol%) at a rate of 150 Nml/min for 2 h.
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2.3. Characterization
The degree of crystallinity of the samples was studied by
X-ray diffractionwith a Philips PW1840 powder diffractometer
at Cu Kα radiation, at diffraction angles ranging from 2° to 90°
and at room temperature. Different phases were determined
through a search of the JCPDS database.
The porosimetry of the samples were obtained with the
help of ASAP Micrometrics 2021. Before the measurement of
nitrogen adsorption, samples were degassed at 300 °C for 6 h.
Temperature programmed reduction experiments were
carried outwith pieces ofmonolithic catalyst on aMicrometrics
TDP/TPR 2900 apparatus. A piece of monolithic catalyst (about
100 mg) was placed into the apparatus. TPR profiles were
recorded by heating the samples from room temperature to
600 °C at a rate of 10 °C/min under a H2/Ar (5 vol%) gas stream
and rate of 40 Nml/min.
Morphologic assessment of the washcoat layer was per-
formed using a Philips XL 30, Scanning Electron Microscope
(SEM).
X-ray photoelectron spectra were obtained using a VG
Microtech XR 3E2 spectrometer equippedwith an Al Kα (1486.6
eV) X-ray source. The base pressure in the analysis chamber
was 10−9 torr. The C 1s peak from carbon contamination of the
samples at 284.9 eV was used as a reference for the calibration
of other binding energies.
For chemical analysis and to determine the composition
of the catalyst, inductively coupled plasma spectrometry was
utilized on an Agilent 7500 ICP-MS.
3. Results and discussion
3.1. X-ray diffraction
Figure 1 shows the X-ray diffraction patterns of TiO2 and
Rh2O3/TiO2 powders. The lower XRD pattern corresponds to
the TiO2 and Rh2O3/TiO2 powders. The lower XRD pattern
corresponds to TiO2 powder, which was prepared from a
titanium isopropoxide precursor using the sol–gel method atFigure 2: X-ray diffraction patterns of Rh2O3/WO3/TiO2 powder.
room temperature. The X-ray diffraction pattern showed that
the synthesized titania was in the rutile phase (JCPDS File no.
211276). The upper XRDpattern corresponds to the Rh2O3/TiO2
powder. The formation of Rh2O3 is completely evident (JCPDS
File no. 240924). The present peak at 28° corresponds to the
formation of RhO2 (JCPDS File no. 211315). Figure 2 shows XRD
patterns of titania, WO3/TiO2, and Rh2O3/WO3/TiO2 powders.
In this figure, the lower XRD pattern corresponds to TiO2, which
had been prepared from a titanium tetrachloride precursor
via the sol–gel method. The XRD pattern of titania shows the
formation of the rutile phase (JCPDS File no. 211276). These
results confirm that the titania crystalline structure does not
depend on the precursor material. The middle XRD pattern
corresponds to WO3/TiO2 powder and shows the formation
of WO3 (JCPDS File no. 321394). In the upper XRD pattern
of Figure 2, Rh2O3 peaks are also identified (JCPDS File no.
240924).
3.2. Porosimetry
An uncrushed piece of monolithic catalyst was utilized
to investigate the porosity. Figure 3 shows that all adsorp-
tion/desorption isotherms of these catalysts were IUPAC type
I and hysteresis type H3 [16]. The increased pore volume of raw
cordierite to catalyst 3 was completely evident in the liquid
nitrogen adsorption/desorption isotherms. Pore size distribu-
tion curves in Figure 4 show that none of these catalysts was
symmetric or unimodal; they were bimodal or multimodal. De-
creased prevalence with increased pore size was also evident in
these monolithic catalysts.
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of raw cordierite, and catalysts 1–3.
3.3. Temperature programmed reduction
TPR is a useful technique for determining the interaction
between active metal and its support. Figure 5 shows the TPRs
of catalysts 1–3. TPR curves of these catalysts showed peaks
for the hydrogen consumption. These peaks were related to theFigure 4: Pore size distribution according to BJH desorption of monolith pieces
of raw cordierite, and catalysts 1–3.
reduction of the Rh2O3 species, which were readily reduced.
Maximum peak points of catalysts 1–3 occurred at 183, 167.2
and 153.5 °C, respectively.
3.4. Scanning electron microscopy
Figure 6 displays a SEM image of catalyst 1. Brilliant particles
of rhodium dispersed on the titania support were noticeable.
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Figure 6: Top view SEM image of catalyst 1.
SEM images of catalyst 1 at a magnification of 10,000, 20,000
and 40,000 are shown in Figure 7. The nanostructure texture
of washcoated titania and the nanometric grain size are clearly
visible in the SEM images. This nanostructured texture is a
result of the formation of nanometrics-sized gel particles,which
are prepared from a titanium isopropoxide precursor through
the sol–gel method at room temperature.Figure 8 shows SEM images of the washcoated layer
magnified 10,000, 15,000, and 20,000 times. The texture and
grains of the washcoat layer are evident in this figure. This
texture is very similar to the SEM images of catalyst 1 in
Figure 7; the difference is that the texture of the washcoated
titania layer here is coarser and has larger gel particles formed
from this method.
3.5. X-ray photoelectron spectroscopy
To evaluate the chemical composition and binding states at
the surfaces of catalysts 1 and 3, XPS was utilized.
Figure 9 shows XPS analysis of catalysts 1 and 3 in the
range of 300–320 eV. These XPS analyses had peaks at 308–313
eV attributed to Rh 3d5 and 3d3, respectively [17,18]. The
position of these peaks after the addition of tungsten did
not change, which demonstrates that there is no interaction
between rhodium and tungsten.
The XPS diagram of catalyst 1, which is shown in Figure 10,
has two peaks related to Ti at 458 and 464 eV. These peaks
are related to the Ti 2p3 and Ti 2p1, respectively [18]. In
the Ti 2p spectrum of catalyst 3, the position of the Ti 2p3
and Ti 2p1 peaks were similar to catalyst 1, but there was
a broad shoulder between these peaks. This broad shoulder
was attributed to the interaction between tungsten oxide and
titania. In the calcination step at a high temperature, tungsten
oxide penetrated the TiO2 support, and a strong interaction
occurred between tungsten oxide and titania. Ti 2p peaks for
catalyst 1 were stronger than for catalyst 3, which is due to a
higher load of titania on catalyst 1 compared to catalyst 3.
Figure 11 shows the XPS spectra of catalysts 1 and 3 in
the ranges of 25–45 eV. The peak for W4f7-5 is located at the
binding energies from 37.8 to 39.7 eV [19,20]. Catalyst 1 had
a peak at 36.6 eV in this range, which was attributed to Ti 3p.
Catalyst 3 had a shouldered peak with two edges at the 34.92
and 37.92 eV binding energies, which were attributed to W4f7
and W4f5, respectively. W4f7-5 peaks for catalyst 3 were not
discrete and appeared as shoulder peaks. The overlap of the Ti
3p peak with W4f7-5 peaks at a binding energy of 36.60 eV
caused the peak to be broader.Figure 7: SEM images of washcoat layer of catalyst 1 at different magnifications: (a) 10,000×; (b) 20,000×; and (c) 40,000×.
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3.6. Activity tests
Figures 12–16 show activity changes for catalysts 1–3
with temperature variation. Figure 12 shows changes in
methane conversion of catalysts 1–3 in relation to temperature.
Increasedmethane conversionwith a temperature increasewas
evident in all three catalysts, indicating that kinetics is the rate-
controlling step of the reaction.
The increased activity of catalyst 3 in comparison to catalyst
2 was attributed to the increased load and promoting effect
of tungsten. This increased activity shows that utilizing short
contact time catalytic partial oxidation of methane with an
increased load of tungsten and a small amount of rhodium can
yield high amounts of synthesis gas, while catalyst production
costs are reduced.
The precursor material utilized for the production of the
titania layer in catalyst 1 was different from catalysts 2 and
3. For catalyst 1, the sol–gel method at room temperature
with the titanium isopropoxide organic precursor was used,
whereas in catalysts 2 and 3, the sol–gel method and a titanium
tetrachloride inorganic precursor were used. The reduced
activity of catalysts 2 and 3 compared to catalyst 1 is attributed
to the higher effectiveness of titania produced from titanium
isopropoxide. The nanostructure texture of the titaniawashcoat
layer, which is shown in Figure 7, makes this catalyst more
effective.
Similar patterns in the difference in activities of catalysts 1–3
are also seen in Figures 13–16. These differences are attributedFigure 10: Ti 2p XPS spectra of catalysts 1 and 3.
to the positive promoting role of tungsten and the difference
between titania produced from titanium isopropoxide and
titanium tetrachloride in the short contact time partial
oxidation of methane.
Figure 13 shows that the oxygen conversion of catalysts 1–3
increased with temperature. In the investigated temperature
range, the slope of the oxygen conversion versus temperature
curve of catalyst 1 was almost constant, while the slopes for
catalysts 2 and 3 were large. The different activity of catalyst
1 compared to catalysts 2 and 3 for short contact time partial
oxidation of methane caused this difference. These extreme
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Figure 12: Methane conversion versus wall furnace temperature over
catalysts 1–3.
Figure 13: Oxygen conversion versus wall furnace temperature over cata-
lysts 1–3.
Figure 14: Carbon monoxide selectivity versus wall furnace temperature over
catalysts 1–3.Figure 15: Hydrogen selectivity versus wall furnace temperature over
catalysts 1–3.
Figure 16: Carbon dioxide selectivity versus wall furnace temperature over
catalysts 1–3.
changes in the slopes of the oxygen conversion curves are due
to the effects of titania produced from different precursors.
Figures 14–16 show that selectivities to CO and H2 were
increased with increased temperature, but the selectivity to
CO2 was decreased; this phenomenon is explained through the
two-step synthesis gas production mechanism. First, exother-
mic total combustion occurs, and the products of total oxida-
tion, CO2 andH2O, are produced; then synthesis gas is produced
through steam reforming [21,22]. The increased temperature
enhances the endothermic steam reforming of methane.
4. Conclusion
Short contact time partial oxidation of methane on Rh/TiO2
and Rh/WO3/TiO2 monolithic catalysts was successfully
conducted. Sol–gel methods and organic and inorganic pre-
cursors were used for preparations of the catalysts. The
nanostructured titania washcoat layer prepared from titanium
isopropoxide was shown by scanning electron microscopy.
X-ray photoelectron spectra showed high interaction between
tungsten and titanium. The results obtained from the partial ox-
idation of methane experiments demonstrated the promoting
effect of tungsten. Using titanium isopropoxide as the precursor
for titania in the production of synthesis gaswasmore effective.
Synthesis gas yield increased with an increase in temperature,
which showed the roles of temperature and kinetics in the rate-
limiting step of the reaction.
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